Heparan sulfate (HS) serves as a receptor for adherence of herpes simplex viruses, Chlamydia trachomatis, Neisseria gonorrhoeae, and, indirectly, human immunodeficiency virus. Using primary human culture systems, we identified sulfated carbohydrate compounds that resemble HS and competitively inhibit infection by these pathogens. These compounds are candidates for intravaginal formulations for the prevention of sexually transmitted diseases.
Sexually transmitted diseases (STDs) such as gonorrhea, chlamydia, genital herpes, and AIDS are a major health problem of epidemic proportions worldwide. The World Health Organization estimates that 125 million new cases of major bacterial and viral STDs occur each year (2) . In the United States, inner-city minority populations experience the most severe STD rates and a growing AIDS epidemic. The situation in the developing world is even more alarming. The World Bank estimates that for adults between 15 and 44 years of age, STDs, not including human immunodeficiency virus (HIV) infection, are the second leading cause of healthy life lost in women (34, 43) .
Several different approaches will be required to combat this problem, including improved patient education, increased use of barrier methods, vaccine development, and development of new antimicrobial drugs. The development of female-controlled methods for STD prevention, including methods that are not necessarily spermicidal, is crucial. Women are especially at risk because many STDs are asymptomatic and the morbidity associated with untreated disease is high. Most currently available vaginal formulations are contraceptive and use a detergent, such as nonoxynol-9 (N9), as both the antimicrobial and the spermicidal agent. N9 inactivates enveloped viruses, such as herpes simplex virus (HSV), and other microorganisms, including Chlamydia trachomatis, Neisseria gonorrhoeae, and HIV (2, 9, 14, 22, 49) . However, N9 is relatively toxic to cervical cells in vitro, and there have been conflicting reports regarding its toxicity in vivo. Concerns about N9 include an increased incidence of vulvar ulcers and vaginitis associated with its use (23, 52) .
One strategy we are pursuing is the development of compounds designed for intravaginal use that would prevent microbial adhesion and entry and thus would prevent infection. Therefore, an understanding of the requirements for the entry of microbes into target cells is required. Recent studies suggest that adherence to cell surfaces for such diverse pathogens as N. gonorrhoeae, C. trachomatis, and HSV involves a common cell surface molecule, heparan sulfate (HS) glycosaminoglycans (GAGs) (37) . These observations suggest that polysulfated carbohydrates that mimic HS could potentially interfere with microbial entry. The potential advantages of these compounds include their broad-spectrum activity and simple chemical structure, which should allow production costs to be low. Moreover, toxicities are likely to be minimal. These studies, therefore, were designed to develop in vitro models of STD infection and test polysulfated carbohydrates for their ability to inhibit viral or bacterial adhesion.
In previous studies, it has been shown that HS serves as an initial receptor for the binding of HSV types 1 and 2 (HSV-1 and -2) to epithelial-cell surfaces (18, 19, 38, 40, 50) . However, the studies were conducted with permanent non-cervical epithelial cell lines, such as HEp-2 or Vero cells. To determine whether HS moieties also serve as a receptor for the binding of HSV to primary cultures, we compared the ability of the GAGs heparin (an analog of HS), chondroitin sulfate, and dermatan sulfate to inhibit viral entry using primary human ectocervical, endocervical, and vaginal mucosal cells. Primary cultures were derived from specimens obtained from hysterectomies performed for "benign" conditions such as uterine leiomyomas and endometriosis, as previously described (41, 46, 47) . Patients ranged in age from 30 to 54 years (mean, 43 Ϯ 7 years). Primary cells in 96-well dishes were inoculated with HSV-1(17)(dUTPase/LAT) at a multiplicity of infection of 5 to 10 PFU/cell in the presence or absence of 100 g of each GAG (Sigma)/ml. HSV-1(17)(dUTPase/LAT), which behaves like wild-type HSV-1(17) with respect to binding and infectivity, has been genetically engineered and expresses the ␤-galactosidase gene under control of the viral immediate-early gene promoter, dUTPase (a gift of E. Wagner, University of California, Irvine) (36, 39) . After a 5-h period at 37°C, the ␤-galactosidase expression from infected cells was quantified as previously described (36) . Only heparin, not chondroitin sulfate or dermatan sulfate, inhibited viral early gene expression (Fig. 1a) . Similar results were obtained when experiments were conducted by using plaque assays or binding assays with both HSV-1 and HSV-2 (data not shown).
Having established that HS is important for HSV entry into primary human cervical cells, we next tested a series of carbohydrate compounds that structurally resemble HS for their ability to inhibit HSV binding and entry. The carbohydrate compounds selected for testing have low anticoagulant activity and include non-anticoagulant heparin (NAC) (average molecular size, 10.6 kDa; Glycomed, Alameda, Calif.) (16, 17, 25) , pentosan polysulfate (PP) (molecular size, 3.8 kDa; Sigma) (45) , and dextran sulfate (DS) (molecular size, 8 kDa; Sigma) (25) . We also tested a novel sulfated maltoheptaose derivative (N-acetyl-␤-maltoheptaosylamine sulfate [SM]) (molecular size, 3.5 kDa; Glycomed). Details of the synthesis of SM will be published elsewhere. Briefly, maltoheptaose was treated with aqueous NH 4 HCO 3 at room temperature to yield maltoheptaosylamine. Treatment of the crude amine with acetic anhydride in pyridine followed by purification afforded the anomerically pure peracetylated N-acetyl-␤-maltoheptaosylamine derivative. Removal of the O-acetyl groups with sodium methoxide in methanol furnished N-acetyl-␤-maltoheptaosylamine. This compound was sulfated with sulfur trioxide pyridine complex in N,N-dimethylformamide to produce the sulfated maltoheptaose derivative.
The results for HSV-1 entry in the presence or absence of 100 g of each of the carbohydrate compounds/ml are shown in Fig. 1b . All four compounds inhibited viral entry. The inhibition was at least as great when compounds were present only during initial attachment (4°C), suggesting that the carbohydrates inhibit infection by competing with cell surface HS for viral binding (data not shown). To examine the effects of the carbohydrate compounds on HSV-2, we used a plaque assay (19, 20) . In pilot experiments we found that HSV-2(G) forms plaques on primary cells within 24 h. Representative results are shown in Table 1 . PP and NAC were the most effective, but all four compounds inhibited at least 75% of viral infection at a concentration of 100 g/ml.
Having established that these compounds inhibit HSV-1 and HSV-2 infection, we tested their antimicrobial activity against several other STD pathogens known to interact with HS. Recent studies suggest that binding of N. gonorrhoeae to HS is required for pilus-independent tight attachment and entry into cultured human epithelial cells (11, 48) . To determine the effect of compounds on N. gonorrhoeae adhesion, the human fallopian tube organ culture (HFTOC) model was employed (13) . Tissue from HFTOC was infected with 10 5 CFU of N.
gonorrhoeae MS11/ml in the presence or absence of increasing concentrations of candidate compounds or heparin, and the number of viable gonococci in the tissue at 24 h was determined as previously described (13) . The control wells containing HFTOCs with no compound are considered 100% infection. Results are summarized in Fig. 2 . PP and DS were the most effective and completely inhibited N. gonorrhoeae infection of HFTOC at concentrations of ϳ100 and 500 g/ml, respectively. NAC and unmodified heparin inhibited about 70% of gonococcal infection of HFTOC at 500 g/ml, but SM had no demonstrable effect, even at 1,000 g/ml (data not shown). C. trachomatis is thought to synthesize an HS-like molecule that facilitates bacterial invasion by binding to both the major FIG. 1. Effects of GAGs (a) and polysulfated carbohydrate compounds (b) on HSV-1 infection of primary human ectocervical, endocervical, and vaginal mucosal cells. Primary human cells were seeded in 96-well dishes (ϳ10 5 cells/well) and allowed to attach overnight. Cells were exposed to HSV-1(17)(dUTPase/LAT) virus at a multiplicity of infection of 5 to 10 PFU/cell in the presence or absence of 100 g of heparin, chondroitin sulfate A, dermatan sulfate (a) or SM, DS, PP, or NAC (b)/ml. After a 5-h incubation period at 37°C, the inoculum was removed, and the cells were washed, fixed, permeabilized, and exposed to the substrate o-nitrophenyl-␤-Dgalactopyranoside (ONPG) for 1 h as previously described (36) . The results are presented as ␤-galactosidase expression (absorbance at 410 nm) in the presence of 100 g of compound/ml as a percentage of ␤-galactosidase expression in the absence of compound. Each point is the mean of values obtained from two to three independent experiments performed in duplicate or triplicate; error bars indicate standard deviations. The inhibitory effects of heparin and the carbohydrate compounds on viral infection are significantly different from the effects of chondroitin sulfate and dermatan sulfate (P Ͻ 0.01). The dose of polysulfated carbohydrate compound that inhibited 50 or 90% of HSV-2 plaque formation on primary human cervical or vaginal cells compared to plaques formed in the absence of carbohydrate compound was determined from a dose-response curve generated from an independent experiment conducted with an individual patient's cells in duplicate. Results are representative of 4 to 5 experiments conducted with ectocervical, endocervical, and vaginal mucosal cells from different patients. ED, effective dose.
b The dose of compound that was cytotoxic for 50 or 90% of primary human cervical or vaginal cells by neutral red dye exclusion was determined from a dose-response curve generated from two independent experiments conducted with two individual patients' cells in duplicate. CD, cytotoxic dose.
c Selectivity index (SI 50 ) is the ratio of CD 50 to ED 50 . d The ED 50 , ED 90 , and SI 50 for N9 were not determined (ND). The concentration of N9 in currently available spermicidal products ranges from 1 to 6% (38) .
outer membrane protein on the chlamydial organism and a receptor on the epithelial-cell surface (10-12, 42, 44, 53) . Hence, candidate carbohydrate compounds might effect chlamydial attachment by binding either to the chlamydial acceptor or the epithelial cell surface receptor. To determine the effect of carbohydrate compounds on C. trachomatis infection, HeLa cells were preincubated with various concentrations of test carbohydrate compounds and were then exposed to C. trachomatis, serotype E/UW-5/CX, and the number of infected cells was quantitated (8, 13, 24, 31, 32) . Alternatively, chlamydial organisms were preincubated with the carbohydrate compounds prior to infecting HeLa cells. The results for both assays are shown in Fig. 3 . PP, SM, and DS inhibited Ͼ90% of C. trachomatis infection when HeLa cells were pretreated with the carbohydrates at a concentration of 1 g/ml; no inhibition was observed at a concentration of 0.1 g/ml (data not shown). NAC also inhibited chlamydial infection, but to a lesser extent. In contrast, pretreatment of C. trachomatis with carbohydrate compounds resulted in little inhibition of subsequent infection of HeLa cells. These results suggest that the carbohydrates compete with the chlamydial HS-like molecule for binding to the eucaryotic cell surface receptor.
Cell surface HS is believed to play a role in HIV infection of human T cells. Human T cells express HS and chondroitin sulfate GAGs on their surfaces. Treatment of T cells with heparatinase reduces HIV binding and infection, but treatment with chondroitinase does not (29, 30, 35) . Moreover, when T cells are cultured in the presence of sodium chlorate, an inhibitor of ATP sulfurylase and thus an inhibitor of sulfation of GAGs, HIV binding and infection are impaired (29) . These results suggest that HS participates in HIV infection by facilitating viral binding to T cells. Recent studies suggest that the HIV envelope may bind to both HS and CD4 to form a trimolecular complex and that it is the V3 region of the gp120-gp41 complex that mediates the envelope-HS interactions (35) . Sulfated polysaccharides have previously been shown to inhibit HIV binding, replication, and formation of syncytia in vitro, presumably because of interactions of the polyanionic polysaccharide with positively charged amino acids concentrated in the V3 region of HIV gp120 (3, 5, 7, 21, 27) . To determine whether the candidate carbohydrate compounds identified in these studies also inhibit HIV in vitro, syncytial assays were conducted. The results are summarized in Table 2 . DS inhibited ϳ90% of HIV syncytial formation at concentrations of 0.1 g/ml. PP and SM inhibited Ͼ75% of syncytial formation at concentrations of 1 g/ml. The maximal inhibition observed with NAC was ϳ50% at a concentration of 0.1 g/ml; no further inhibition was observed even at concentrations as high as 100 g/ml.
To assess the potential cytotoxicity of the carbohydrate compounds for human primary cervical cells, cell viability was determined as the uptake of the dye neutral red (33) . Briefly, cells were incubated for 16 to 18 h in media containing serial dilutions of test carbohydrate compounds. The medium was then removed, and cells were washed and then incubated for 1 h at 37°C with 50 g of neutral red dye/ml. Cells were then rinsed, neutral red was eluted from the viable cells by the addition of 0.5 M HCl with 35% ethanol, and the absorbance was measured at a wavelength of 570 nm. The results are summarized in Table 1 . None of the carbohydrate compounds exhibit cytotoxicity for primary human cervical cells at concentrations of 1 mg/ml in vitro, whereas N9 (obtained from Sigma) was significantly cytotoxic.
There is an urgent need for the implementation of new strategies to prevent the spread of STDs. Recent studies have shown that HS plays a key role in mediating the adherence of a diverse array of microbes to cell surfaces (37) . However, these studies have been conducted primarily with permanent cell lines. We have extended these observations using primary genital-tract culture systems (primary human vaginal and cervical cells and HFTOC) and have developed an in vitro screening assay system to test the efficacy of HS analogs as competitive inhibitors of microbial adhesion or attachment. This system can be utilized to test a wide range of potential drug therapies. This culture system has distinct advantages over traditional permanent cell lines, such as the maintenance of certain differentiated characteristics. For example, primary ectocervical cultures express keratin 13, 10, and 14 and filaggrin, whereas primary endocervical cultures express keratin 18, 8, 9, and 19 (47) . In contrast, permanent cell lines fail to express keratins. Thus, a primary culture system will be an important tool for identifying the microbial and cellular requirements for infection of cells of the female genital tract.
Using this model culture system, we identified polysulfated carbohydrate compounds that inhibit HSV infection by inhibiting viral binding. These compounds are not cytotoxic to primary cells and are effective against other STD pathogens including HIV, N. gonorrhoeae, and C. trachomatis. These compounds are quite potent and are effective at very low concentrations in vitro. For C. trachomatis, we found that the carbohydrates competed with the chlamydial organisms for the epithelial cell surface receptor. None of the carbohydrates enhanced chlamydial attachment even when the organisms were preincubated with the carbohydrates, a possibility suggested by the observation that chlamydiae bind HS-like molecules (10) . The results we obtained with DS and PP for C. trachomatis infection are similar to results obtained by Zaretzky and colleagues (51) but differ with respect to the concentration required to inhibit 50% of infection (NAC and SM have not been tested previously). The variability in concentrations most likely reflects differences in the assays and cell types.
The notion that sulfated polysaccharides inhibit microbial infection is not new. Previous studies have shown that sulfated compounds inhibit the in vitro replication of enveloped viruses such as HSV, cytomegalovirus, and vesicular stomatitis virus (4) . Interest in these compounds as potential antiviral agents surfaced with the in vitro observations that DS inhibited HIV replication (3, 4, 6, 7, 21) . These observations led to clinical trials with both orally and intravenously administered DS. However, the results were disappointing, and DS was found to be ineffective in the treatment of HIV infection (1, 6, 15, 26) .
Other potential therapeutic applications of sulfated carbohydrates as inhibitors of microbial attachment were not initially fully appreciated. Most patients with mucocutaneous HSV, for example, are unaware of their initial exposure. A drug that blocks viral attachment would, presumably, be ineffective against an established primary infection or reactivation of latent virus. However, at the time of sexual transmission, an agent that blocks attachment to cell surfaces might be highly effective and prevent the establishment of infection. In a recent study, Neyts and De Clercq examined the effect of DS and PAVAS (copolymer of acrylic acid with vinyl alcohol sulfate) on vaginitis and death of mice infected intravaginally with HSV-2 (28). In their study, the compounds were mixed with virus immediately prior to intravaginal inoculation of the animals. Results were encouraging. None of the animals infected with HSV-2 in the presence of PAVAS died, and a significantly smaller number of mice died when infected with HSV-2 in the presence of DS compared to controls.
Studies using animal models of vaginal HSV infection and the polysulfated compounds identified in these studies are currently in progress. The compounds will need to be formulated for intravaginal use as a cream, foam, or gel. Potential advantages include the observation that these compounds exhibit little or no cellular cytotoxicity and are not likely to be spermicidal. As such, they offer distinct advantages over N9, which is both spermicidal and cytotoxic to cells. The effect of polysulfated compounds on vaginal microflora and the local immune system will also need to be assessed. This work was supported by Public Health Service grant AI37940. We are grateful to E. Wagner for providing the viral strain HSV-1(17)(dUTPase/LAT). We are also grateful to L. Dee and E. Winkfield for technical support. c The concentration of polysulfated carbohydrate compound that inhibited 50 or 90% of syncytia formed compared to syncytia formed in the absence of any carbohydrate compound was determined from dose-response curves generated from two independent experiments performed in quadruplicate. ED, effective dose.
